ABSTRACT. During March 2003, Autosub, an autonomous underwater vehicle (AUV) operated by the UK National Oceanography Centre, Southampton, was deployed under sea ice north of Thurston Island, Amundsen Sea, Antarctica (at $718 S, 1008 W). The vehicle was fitted with an upward-looking 300 kHz acoustic Doppler current profiler (ADCP) to provide current velocity above the AUV. The ADCP also recorded ranges to the ocean-ice interface. Such data can be used to derive sea-ice draft by using a number of novel processing steps such as correcting for the coordinate systems of the ADCP unit and the vehicle as well as corrections for changes in sound speed. This paper outlines the processing stages required to obtain a probability density function (PDF) of sea-ice draft and presents PDFs for the region north of Thurston Island. The distribution of ice draft was found to be unimodal, with modes between 2.2 and 2.4 m. Given the uncertainty in sound speed, the limit of accuracy was estimated as $6 cm.
INTRODUCTION
There have been many studies of sea-ice draft/thickness in the Arctic and Antarctic. Whilst satellite studies can provide synoptic data on ice thickness (e.g. Laxon and others, 2003) , the spatial resolution is not as high as other methods. These higher-resolution methods include drilling holes (e.g. Wadhams and others, 1987) , using upward-looking sonars (ULS) attached to moored buoys (e.g. Strass and others, 1998; Worby and others, 2001 ) and use of ULS on submarines. Almost 50 years of submarine ULS data have enabled determination of significant changes in thickness in the Arctic ice cover (Rothrock and others, 1999) . The use of similar technology in the Antarctic has only been possible with the recent development of autonomous underwater vehicles (AUVs) (Brierley and others, 2002) .
Autosub is a 7 m long AUV designed with long-range capability $800 km (up to 6 days endurance) that was designed, built and operated by the UK National Oceanography Centre, Southampton (for further details see Millard and others, 1998) . Autosub has to date completed in excess of 350 scientific missions, with the longest mission over 250 km in length. With a diameter of 0.9 m, Autosub carries a variable scientific payload ($1 m 3 volume) according to mission requirements. This paper presents the use of Autosub to gather data on the distribution of sea-ice draft by using the difference between vehicle depth and range to ice surface as measured by an acoustic Doppler current profiler (ADCP). This is the first time that ADCP has been used to measure ice draft from a moving vehicle; previously Visbeck and Fischer (1995) used ADCP to sense the presence of sea ice, and Shcherbina and others (2005) measured ice draft from a bottommounted ADCP. The data for this study were collected as part of research cruise JR84 in March 2003 when Autosub was deployed under sea ice from RRS James Clark Ross in the Amundsen Sea.
AUV INSTRUMENTATION
The payload for these missions included two RD Instruments ADCPs located towards the rear of Autosub, one looking in an upward direction and the other in a downward direction. The upward-looking ADCP had a notional operating frequency of 300 kHz and it is from this instrument that values of range to surface (or underside of sea ice) have been recorded. In addition, two Sea-Bird Electronics 9plus CTD (conductivity-temperature-depth) sensors were fitted in the nose section of the vehicle, providing pressure, salinity and temperature values at a sampling frequency of 24 Hz. Autosub was also fitted with an IXSEA PHINS inertial navigation system (INS). The sampling frequency for all variables other than the CTDs was 0.5 Hz. Other instrumentation was in operation but was not required for the analyses here, except to note that other sonar systems may possibly interfere with returns to the ADCP as discussed below.
When Autosub is horizontal in the water, the upwardlooking ADCP is arranged with four beams at right angles to each other (in the horizontal plane) pointing towards the surface at 308 from the vertical axis (RD Instruments, 1996) . Each of these beams provides a separate value of range to the surface. Clearly this is a simplification, as the vehicle is a moving platform and thus it is pitching and rolling and the heading is constantly changing.
Whilst the ADCP is fitted with attitude sensors, the INS provides more precise and reliable values of pitch, roll and heading. We have used rotation matrices to convert the ranges and locations of the beams on the surface to take into account the offset of the beams from the vehicle, attitude of the vehicle and also of the vehicle's heading.
DATA
There are three under-ice and one under-open-water Autosub missions used in this study and also data from RRS James Clark Ross ( Fig. 1; Table 1 ). ADCP data were used to measure the range to the reflecting surface, either sea-ice or sea-atmosphere interface. The CTD sensors on board Autosub measured pressure, temperature and salinity, and attitude data from the INS are used to correct the orientation of the ADCP range to surface vectors in space. The specifics of the analyses of these data are described below.
PRESSURE-TO-DEPTH CONVERSION
There are a number of algorithms for converting pressure to depth depending on the density of the water, which in turn is dependent on the temperature and salinity of the water. The values used in this paper are calculated using
from Leroy and Parthiot (1998) , where P is the pressure (in decibars),
Þfor circumpolar Antarctic waters and the correction for latitude, , is given by gðÞ ¼ 9:780318 1 þ 5:2788 Â 10 À3 sin 2 À Á Â À 2:36 Â 10 À5 sin 4 À Á Ã . This algorithm has a reported accuracy of 0.1 m in the calculated depth. Values of atmospheric pressure did not change significantly during an individual mission, and resultant differences in AUV depth are negligible (e.g. $3 cm difference in $10 hours for M321).
The CTD and ADCP were 4 m apart along Autosub's long axis, so there is a difference between the CTD depth and the ADCP depth when the vehicle is not horizontal. An additional correction (sine (pitch) Â horizontal separation) was made to correct for this.
SOUND SPEED
In order to calculate the range from the vehicle to the surface (interface with atmosphere or ice) the speed of sound must be known accurately, as it represents the largest source of error. The speed of sound depends on the temperature and salinity of the water as well as the pressure (depth) (Urick, 1983) . Based on our limits for temperature, salinity and depth, Leroy (1969) gives the speed of sound, c, as:
where T is temperature in degrees Celsius, S is salinity in practical salinity units (psu) and D is the depth in metres.
For the three CTD profiles from RRS James Clark Ross we calculated the sound speed in 2 dbar bins and then found the average value of all bins from the surface down to a given pressure (Fig. 2a) . For each bin the difference between the highest and lowest values of sound speed are shown in Figure 2b . Most Autosub ice-draft data were collected at a depth of approximately 100 m (%100 dbar), which corresponds in Figure 2b to a maximum difference in sound speed between the three CTD profiles of $0.9 m s -1 . At 100 m depth the difference in sound speed is equivalent to a difference in measured depth and hence ice draft of the order of 6 cm. This value sets a limit on the possible accuracy of the method at 100 m depth to be 6 cm.
METHOD
The details for the three under-ice missions are given in Table 1 . For each under-ice mission, Autosub was deployed in open water close to the ice edge and programmed to fly under the sea ice following a series of parallel transects. A collision avoidance system was undergoing testing, and to reduce the possibility of a collision with a deep-keeled iceberg the missions were run at a minimum depth of $100 m.
For each data cycle, there are a maximum of four possible values for range to surface (one for each beam). These four values are initially rotated to give location vectors in the vehicle's frame of reference in order to take account of the 308 vertical offset of the beams and their different horizontal orientations. These vectors are then rotated to take account of vehicle attitude (pitch, roll and heading), and possibly a 
Data processing
For each mission a number of data points have been removed representing noise in the data, for example, implausible values of ice draft and where values of range are identical for more than one beam. We believe the latter represents interference from another on-board sonar system.
We investigated the effects on ice-draft measurements based on values, in particular extreme values, of pitch, roll and changes in vehicle depth. Within the values of vehicle pitch and roll experienced, there was no evidence of icedraft values being biased, because results at extreme values of ice draft occurred with as much regularity with near-zero values of pitch and roll as they did with extreme values of pitch and roll. However, changes in depth between successive readings did have a noticeable effect on values of ice draft as shown in Figure 3 . Studying Figure 3 and the distribution of changes in depth, a value of 12 cm was chosen as the absolute maximum value that depth could vary by from the previous reading. Values of readings outside of this cut-off (i.e. less than -12 cm or above 12 cm) are treated as missing data. For M321 this resulted in 11% of ice-draft values being rejected (i.e. Autosub maintained its depth to within 12 cm of the previous measurement in 89% of cases).
Maximum range and signal attenuation
RD Instruments, the manufacturer of the ADCP, recommend a maximum range to surface of a $300 kHz ADCP system of about 120 m, due to attenuation of the signal (RD Instruments, 1996) . Values of range above this contained a large number of spurious values for ice draft and so all values of range in excess of this were recoded to be missing values. Figure 4 shows the effect the surface condition has on the number of returns by plotting histograms of the percentage of surface returns when the vehicle depth was 90-115 m for two missions, one under ice and one in open water. M318 was under open water using the same set-up of Autosub and instrumentation as the under-ice missions (location detailed in Table 1 ). The under-open-water mission (M318) clearly has few returns from the surface compared with the number of returns from M321 which was under sea ice. We conclude that there are clearly more returns from an icecovered surface than from an open-water surface. Ideally, the range to open water would have been used to verify the depth of the vehicle, but this was not possible due to the non-return of the signal from open water.
There exist within the dataset a large number of pings that contain values of zero for range. These occur because if no return signal was received by the ADCP, then the range was recorded as zero. It is not possible to detect whether these zero ranges relate to no return from open water or if there was another reason, such as the surface being out of range. As the vehicle was moving at a considerable speed ($1.5 m s -1 ), it is not possible to use averaging techniques over successive readings unlike work using fixed upwardlooking sonars. 
Offset in ADCP instrument
At this stage, the values of ice draft for each of the four beams were compared and found to differ significantly as shown in the preliminary PDFs for M321 in Figure 5a , and the same pattern is repeated for the other two missions. The discrepancy can be removed by adjusting the orientation of the ADCP unit with respect to the vehicle's attitude sensors (pitch and roll) as demonstrated in Figure 5b . The values of offsets for pitch and roll were found by minimizing the differences between the means from each of the four beams. The values, obtained by experimentation, were 1.158 for pitch and 0.038 for roll. It is possible that there is a similar difference in the heading of the AUV and that of the ADCP, but this does not affect derived values of draft.
When all of the above corrections were complete, the data from the four individual beams were combined and the frequencies of ice drafts assigned to 20 cm bins, with the first bin centred on zero, and hence any value with a draft of less than -10 cm was considered as missing data.
Comparing mission means
A useful question to ask is whether the distributions of ice draft from each of the missions are significantly different from each other. We use an analysis of variance (ANOVA) to test the hypothesis that the means of the three missions are equal. Two post hoc tests were performed to identify differences in the means between missions. The first, the least significant difference (LSD) test, is a liberal test and hence the most appropriate for showing no significant difference in mean between missions. The second, the Scheffé test, is a conservative test and hence appropriate for the opposite case that there is a significant difference. Given the large sample sizes, the ice draft for each mission is approximately normally distributed.
RESULTS

Preliminary results
Within the data are values for the draft of glacial ice. Whilst very large values of ice draft can be accounted for by icebergs, the cut-off value at which this occurs is not obvious, as it is of course possible and likely to have both bergy bits and sea ice with a draft of 2-3 m.
Studying the distributions for the three missions, an attempt could be made to remove some of the signal attributable to icebergs. For both M323 and M324, there were negligible numbers of cases of ice draft above 14 m, and for M321 there were no values of ice draft above 10.3 m. A value of 14 m was chosen as the cut-off for large icebergs; this only represents a small proportion of the data (<0.1%). Figure 6 shows the ice profile beneath the surface for M321 from a single beam (forward, starboard beam) at the beginning of the continuous ice zone. The keels of pressure ridges are clearly visible in Figure 6 , as the drafts are noticeably greater compared with the majority of data, which have drafts between 1 and 4 m. This pattern is further exemplified in Figure 7 , which shows the PDFs of ice draft, with the bulk of the ice-draft values for M321 also between 1 and 4 m. The difficulties in obtaining unambiguous values of zero draft are shown in Figure 7 as the lack of the expected peaks for open water (at h ¼ 0 m). At the mission depth of 100 m the size of the footprint for each of the ADCP beams is a few metres on the surface. Figure 7 suggests that in general the ice draft in M321 is less than that in M323 and M324. These observations are confirmed in Table 2 , where The standard deviations for M323 and M324 are very similar, whereas that for M321 is larger. All of the missions have long upper tails, which could be because of the presence of bergy bits within the sea-ice zone. M321 has more values of ice draft at lower values and this probably explains the apparent higher variability.
Final results
An ANOVA of the ice-draft data indicates that the values of ice draft for the three missions do not come from a single population (F ¼ 384.6, sig. ¼ 0.000), i.e. the ice draft changes along the ice front. Using the Scheffé test, M321 is clearly different from both M323 and M324 (significance in both cases is 0.000), but the difference between M323 and M324 is not significant (sig. ¼ 0.090). The LSD test also indicates significant differences between M321 and the other two missions and also suggests that M323 and M324 do not have the same mean (sig. ¼ 0.028).
DISCUSSION AND CONCLUSIONS
We have presented the PDFs for the three under-sea-ice missions showing the general agreement in shape. The single mode for each mission suggests that there is only one major ice type within each of the missions. However, an adjustment to the distributions is required because the data do not contain values for open water, as these were not recorded at the depth that the vehicle was operating at.
ANOVA techniques have shown that the mean of M321 is statistically different from the other missions. Figure 1 shows that M321 is further away from M323 than M323 is from M324, and, although the three missions were not carried out simultaneously, there is only about 3 days difference between the periods of data collection. We conclude that the differences between M323/M324 and M321 are spatial and not temporal, i.e. the draft of ice varies along the ice front. The difference between M323 and M324 is more complex; the Scheffé test does not suggest that the null hypothesis that the means are different should be rejected.
Using the results of the LSD test, we would accept the hypothesis that the means were different, but the LSD test is not as appropriate for testing for a significant difference. In addition, the analysis does not allow for correlation between the observed measurements, which given the spatial nature of the data would probably tend to increase the significance of the results. Hence, we conclude that the mean values of the ice drafts of M323 and M324 do not seem to differ.
The PDFs in Figure 7 assume that all pings (i.e. a single measurement of ice draft from a single beam) are independent values for ice draft (i.e. take no account of how close the beams are to each other). It may be more appropriate to produce the PDFs using a geostatistical approach taking into account the higher correlation between points that are closer together compared to those further apart. Work is still required to ground-truth the distributions by comparing the results reported here with simultaneous ship-borne observations using the approach documented in Worby (1999) . These observations allow us to make estimates of the missing open-water proportions for each of the missions. For both M323 and M324, the nearest shipbased observations of ice concentration are 100% ice cover, whereas for M321 the closest observation is 60% ice cover. As such, we are more certain of the PDFs of sea-ice draft for M323 and M324, as there is probably no open water present, whereas for M321 we are not accurately representing the true PDF. The Antarctic ice chart for the region issued by the US National Ice Center for the period 24-28 March 2003 supports the observation that the region around M321 has a lower concentration of sea ice than that around M323/M324 ($70-90% for M321 compared with 90-100% for M323/M324). The distributions of ice draft show a number of values in the long upper tails, most likely as a result of icebergs within the sea ice. It is not clear how to account for icebergs within the sea-ice signal apart from using an arbitrary cut-off in draft that will not remove smaller icebergs and conversely could remove large pressure ridges. A future paper will investigate the spatial distribution of icebergs within sea ice to establish whether the icebergs are randomly distributed in space and can be included in the PDF as they represent icebergs over a larger area.
We do note that whilst for late summer there are limited sea-ice draft/thickness data in the region of the Autosub missions, Haas (1998) reported combined snow and ice thickness with a mean of 3.12 m and modes at 2.7 and 3.1 m determined with an electromagnetic sensor. These are comparable to our data, and hence increase confidence in our method and results. The PDF for the combined thickness of ice and snow reported in Haas indicates that most values are between zero and 6 m, which is also similar to the values reported here (Fig. 7) .
We believe we have shown the potential for using ADCP on an AUV to measure ice draft, although the depth of the vehicle is a critical factor. Depth is not only a factor in the strength of the returned signal but also impacts because of the relatively large beamwidth (2.28) spreading the insonified area as the depth increases, an effect enhanced by the 308 beam offset from the vertical. Future work using ADCP on an AUV to measure ice draft will have to consider the beamwidth and depth of the vehicle and hence the footprint. The relative locations of the depth and attitude sensors with respect to the ADCP, which ideally should be as close as possible, must also be taken into account. The benefits of using ADCP compared to a ULS are that the ADCP has four ice-draft measurements per data cycle and can potentially also be used to provide ice velocities.
